Abstract. In this paper, we mainly focus on transmission policy design for the mobile nodes in wireless cellular networks in which the mobile nodes are with the wireless energy harvest capability. In particular, we consider the problem how to find a good policy under the minimum throughput demand and maximum delay constraint of data transmission. To do so, the optimal transmission policy is selected as minimizing the corresponding packet loss probability while satisfying the basic requirements on throughput and delay. We first characterize the system model by Constrained Markov Decision Process (CMDP) and formulate the optimal problem and present the performance calculation methods by using the similar method in [5] . The key difference is that we assume mobile user can always harvest energy when moving in the coverage area of one power transmit station and the power transmit stations are working in a probability mode rather than by observing the users number in their own coverage area. Various simulation results are presented and shown that our designed optimal policy has better performances than two conventional policies. We also find that increasing the battery power storage capacity will increase the real achieved throughput and reduce the packet loss probability under certain conditions. In addition, we also find that if the minimum through put demand is larger than a value, its real achieved throughput and the packet loss probability will not clearly change as the battery capacity are large enough.
Introduction
Energy harvesting, as a new viable option, can supply power to some energy-constrained devices. That is, it collects different kinds of energy from the environment, such as solar light, wind, temperature difference and electromagnetic field variation etc, and convert it into electric energy. For some systems with wireless communications, mobile devices or nodes are typically powered by batteries with limited power capacity. Therefore, wireless energy harvesting (WEH), as a promising technology for supplying energy to mobile nodes, has attracted more attention recently [1] . In [2] , different kinds of ambient energy sources are introduced that can be harvestable. Energy management strategy is also considered as one of the important thing for wireless sensor nodes. In [3] , it introduced different sleep and work strategies in solar powered sensor nodes. In fact, the broadcasting nature of the radio frequency (RF) may be flexible and easily available for mobile nodes to charge its power without any constraints on its locations [4] . In [6] , it considered wireless energy harvesting mode for wireless sensor networks where energy transfer is with TV broadcast signals. In [5] , it studied the delay-limited communications of mobile nodes with wireless energy harvesting in cellular networks, where assumed the wireless energy transfer stations working in a threshold mode. That is, if the mobile nodes number in the coverage area of one energy transfer station is above a prefixed value, it will start to broadcast its wireless energy signals, otherwise, it will keep sleep. In fact, such a treatment has its own limitation, especially, in the areas with high density of people with fast moving. In this case, it will frequently switch between the "sleep" and "work", which bring more difficult on the management of the energy transfer stations. In this paper, we consider the case, in which the energy transfer stations are working in a probability mode rather than by observing the user number in the power transmit station's coverage as in [5] .
The rest of this paper is organized as follows. Section II introduces the system model of the mobile node and describes transition probability matrices. Section III formulates the stochastic optimization problem and presents the corresponding performance measures by using Constrained Markov Decision Process (CMDP). In Section IV, the numerical results are provided. Finally, the conclusion is given in Section V.
System Model and Transition Matrix System Model
Consider the network model, as shown in Fig. 1 . It assumes that there are wireless power sources (transfer stations) in the service region, the set of locations can be represented by . Note that k = 0 represents the area not covered by any wireless power transfer station. It also assumes that the whole area is in the cellular communication service. Every mobile user can receive and transmit messages, but only if the mobile user moving in one coverage area of the wireless power transfer stations, it can always harvest the wireless energy. For simplicity, we consider that the maximum transmission time delay is limited for each data packet. For a given maximum transmission time delay, then a data packet must be transmitted before the delay deadline. If the data packet transmit is not successful once, then the data has to be retransmitted till the data is successfully transmitted or it must be discarded due to reaching its delay deadline and then next packet will be immediately generated. 
Location State Transition Matrix
We consider the scenarios that mobile node can transmit the data, if there is enough energy in its battery. Let denote the mobile node's energy storage capacity in terms of unit. The mobile nodes are charged from a energy-harvesting interface when they are in the harvesting coverage of wireless power transfer station. For simplicity, it assumes that the mobile node can harvest one unit of energy in a time slot and can transmit one packet every time slot by consuming one unit power. Therefore, the mobile user moving process can be characterized by using a Markov transition matrix.
( 1) where is the probability that the node is at location k in the current time slot and travels to location in the next time slot. As shown in Fig. 1 , the service region is divided into 5 areas, among them there are 4 power charging areas and one without power charging area.
Furthermore, we also assume that the mobile nodes can harvest energy and transmit data simultaneously by using different frequency spectrum and successful transmission probability of each mobile node in a time slot in area k is .
Energy State Transition Matrix
In order to simplify the expression, we first introduce the state space. The state space which should include the time slots to the delay deadline, energy state of the transmitter for mobile user and the mobile user location, is defined as,
where z represents time slots to the delay deadline, e denotes energy state and k denotes the mobile user location state. Recall that if each mobile user has enough energy in its power storage battery, it will transmit the data or packet. This means that it will have two different actions, "transmit" and "wait" to select, based on its energy state. Thus the action space of mobile users is defined as,
Here, "1" represents the action "transmit" and "0" represents the action "wait". Based on the definitions above, the is the energy state transition probability matrix associated with the location moving. When the action is "transmit", the conditional can be given as follows. (4) where is an energy-state probability transition submatrix from energy state e to associated with the location moving. Recall that if the energy state of the mobile transmitter is not zero, it will transmit one data packet and reduce one unit of energy in the battery storage, thus the energy level will decrease or keep the same due to energy harvesting in the same time slot. That is, can be given by
where denotes the energy harvesting probability of the mobile user in area k. We consider that wireless power transfer stations broadcast energy with some probability and the mobile users can harvest the energy with the same probability when it is in the coverage area of the wireless power transfer stations. In this paper, we assume that the energy transmitting probability of wireless power transfer stations is . For simplicity, we select 0.75. Thus = 0.75 for in the sequel. I is an identity matrix.
Likewise, when the action is "wait", can be given by (8) where for and . and are similar with (5) . In this case, the energy state can increase or keep the same.
Delay State Transition Matrix
is the probability transition matrix on the delay-state when the action is "transmit", which is given as follows: (9) where is the joint location and energy-state transition probability submatrix for the delay state varying from to .
and is the diagonal matrix, defined by
Likewise, when the action is "wait", the conditional becomes
where (13) Note that in this case, the system delay state of one packet always increases until its deadline is reached. When the deadline of a packet is reached, the system delay state is reset to 0 for a new packet.
Optimization Formulation and Performance Measures
In this section, we mainly focus on the investigation of the system performance in terms of the network throughput and the packet loss probability.
Let denote the loss probability, the throughput, and the minimum throughput demand. Then is given by:
is:
where is the element of the state space and is the element of the action space.
represents the immediate loss probability and is given by:
In (16), the packet will be lost when e = 0 or when the node cannot get the action "transmit" (i.e., ω = 0). In addition, the loss happened when the packet transmission is not successful. is the immediate throughput, defined as follows,
In (17), if the mobile node has enough energy in its storage and also select the action "transmit", then the data packet transmission will be successful. To characterize the optimal policy, we formulate the optimization problem by using CMDP model as follows:
where is the optimal policy of the node.
is the probability that adopting the action while the state is The policy can be obtained by solving the CMDP model. It has been proved that the CMDP model can be transformed into an equivalent linear programming (LP) model in [5] . That is, there is a equivalent relation between the solutions and , (i.e., one-to-one mapping) as pointed out in [5] , where denotes the optimal solution of the LP model, and denotes the optimal solution of the CMDP model. Following this way, the corresponding LP model can be expressed as:
The objective of (20) is minimizing the loss probability while keeping the throughput above the predefined threshold in (21). Equality in (22) means that if the energy level is 0, the action "transmit" cannot be adopted. Equality in (23) is the C-K formula for Markov chain. The elements of probability are obtained from matrices and .Applying the standard LP solver, we can get the solution . Then by the solution . The optimal transmission policy of the node can be denoted as follows: (24) Note that the action "transmit" cannot be achieved if . Let be the transmission policy adopted by the node. If is the row matrix at row i of , then is denoted as:
By using the transmission policy , the transition probability matrix becomes
By solving the equations and , one can get the stationary probability vector of the node, where is a vector of ones.
For simplicity, let (27) represent the stationary probability. Some measures for the adopted transmission policy can be expressed as follows.
Throughput:
Packet loss probability:
(29)
Numerical Results and Discussions

Parameters Setup
We consider a cellular system in its service region where there are four power transfer stations. k = 0 represents the uncovered area of the four power transfer stations. The battery capacity of each user is selected from 5 to 20 units. The successful packet transmission probability = 0.99, so that it can calculate the packet transmission error effect. The minimum throughput demand of each user, T packets in a time slot, is selected from 0.01 ~ 0.5. The maximum delay duration of each packet is set as Z = 10 slots.
For comparison with the developed optimal transmission policy, we consider two conventional policies, "always transmit" and "always wait" policies. The "always transmit" means that the user always select "transmit" mode if the energy state is not zero in its battery storage. The "always wait" means that the user just transmit the packet when its delay deadline is reached if it has enough power in its storage, otherwise, it selects to be "wait". Based on these definitions, "always transmit" and "always wait" can be expressed as:
Their corresponding transition probability matrices can be obtained by using (26). The corresponding performance measures can follow Equations (28), (29) to deduce.
Simulation Results
Effect of battery capacity of the mobile node: Fig. 2 and Fig. 3 show the case when the node's battery storage capacity varies, its impacts to user's achieved packet rate (throughput) and the packet loss probability. From these results, one can see that the "always transmit" policy obtains the largest throughput, while the "always wait" policy obtains the smallest throughput among the three different policies. This is true because the "always transmit" policy select transmit packets always, it does not give up any opportunity to transmit message, resulting in the largest throughput, but the cost is that it also get the highest packet loss rate. For the "always wait" policy, its users' throughput is the smallest, and its packet loss probability is still higher that our new developed optimal policy. The key reason is that "always wait" will give up the best opportunities to transmit the packet if it has enough power in its storage before the delay deadline is reached. Its higher packet loss probability is due to its transmission slot at the packet deadline may not avoid the packet transmission error, and also lose the opportunities before the deadline to transmit the packet.
About the optimal transmission policy, it achieves the minimum packet loss probability with relatively pretty high user's throughput, which is a reasonable policy to make a good balance between the loss probability and throughput. Joint effect of battery capacity and minimum throughput demand: In Fig. 2 and Fig. 3 , we just discussed the effects of battery capacity for a fixed minimum throughput demand T = 0.01. Here, we would like to consider the joint effect of battery capacity and minimum throughput demand. Fig. 4 and Fig. 5 shows the simulation results of the packet loss probability and the real achieved throughput by using the optimal policy for the battery capacity variation and the minimum throughput demands variation. In Fig. 4 and Fig. 5 , one can see that when the minimum throughput demand is quite larger, the packet loss probability of the optimal policy will become smaller and the throughput of the optimal policy will become larger. For each fixed minimum throughput demand, when the battery capacity is larger than 7 units, the packet loss probability will decrease much slowly. In particular, when the minimum throughput demand is 0.5, the packet loss probability is almost keep the same value. To the throughput, for each fixed minimum throughput demand, as the battery capacity increases, its real achieved throughput not only satisfies its basic requirement, but also gets some gains, especially, as the battery capacity is approaching 17 units, the real achieved throughput will close to its maximum value. For the minimum throughput demand being 0.5, its real achieved throughput will have a little change. 
Conclusions
In this paper, we have discussed transmission policy design for the mobile nodes in wireless cellular networks in which the mobile nodes are with the wireless energy harvest capability. The optimal transmission policy was designed as minimizing the corresponding packet loss probability while satisfying the basic requirements on throughput and delay. As discussed in [5] , we employed Constrained Markov Decision Process (CMDP) to discuss it and presented the numerical solutions in some scenarios. Simulation results indicated that our designed optimal policy has better performances than two conventional policies. In addition, we also observed some interesting phenomenon: (1) Increasing the battery power storage capacity will increase the real achieved throughput and reduce the packet loss probability under certain conditions. (2) If the minimum throughput demand is larger than a value, its real achieved throughput and the packet loss probability will not obviously change again as the battery capacity are large enough.
